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On the impact welding of dissimilar alloys for use in
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Abstract. Multi-material skeletal fixators appear to be a promising approach to reduce failure due
to the high stiffness of standard-of-care fixators. Nevertheless, joining different materials is
challenging due to their different properties. High-velocity impact welding, a solid-state welding
process, involves the collision of a “flyer” (moving) part with a stationary “target” at very high
speed (i.e., hundreds of meters per second). In this paper we present a preliminary experimental
campaign to use laser impact welding to join Ni7i and Mg alloy Mg-1.2Zn-0.5Ca-0.5Mn (wWt%)
sheets and the parallel development of a finite element model to allow gathering further insights
into the complex phenomena involved in the process. Preliminary results show the deposition of
the Mg alloy on NiTi sheets by tuning the joining process conditions and promising results of the
numerical model in terms of accordance with experiments: these findings provide the basis for
further process optimization, numerical model calibration and the application of a valid protocol
for multi-material skeletal fixation devices.

Introduction

Excessively stiff skeletal fixators are well known to interrupt physiological loading patterns of the
contacting bone, bringing to the stress shielding phenomenon and early device failure, which
hinders patients’ quality of life [1]. The choice of materials with lower stiffness able to restore the
physiological loading patterns into bone, as compared to the current and overly stiff gold standard
Ti6Al4V alloy, represents a viable strategy to prevent these phenomena from occurring. Attempts
to develop multi-material skeletal fixators are of current interest in this research field [2], including
patent applications [3].Within the investigated materials, Ni7i alloys and Mg alloys play a major
role due to the superelasticity and lower stiffness of the former - compared to the current standard
of care alloys - and the resorbability of the latter.

A critical step in the design of these multi-material devices is the joining. Friction stir processes
have been successfully employed to obtain NiTi — Mg alloy composites [4] and welds [5].
However, the current configuration of the process constraints the size of the parts that can be
obtained, although micro-level friction stir processing is currently being studied [6]. Furthermore,
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these alloys have extremely different physical and metallurgical properties, thus a good quality
joint is difficult to obtain without compromising the materials’ properties [7].

High-velocity impact welding, within the solid-state welding processes, involves the high-speed
collision (100 — 1000 m/s [8]) of a flyer part onto a target part generating a jet able to clean and
expose non-contaminated surfaces to obtain metallurgical bonding. It represents a viable solution
to obtain dissimilar welding on the millimeter/micron-scale and, within a defined weldability
window, preventing the formation of poor quality intermetallic compounds at the weld interface,
due to the low welding temperatures involved and the fast welding speed [9]. Impact welding can
be implemented on different length scales using different means to accelerate the flyer, depending
on the size of the parts to be welded [8].

The possibility to obtain dissimilar welding of NiTi without affecting its superelasticity was
demonstrated by using solid-state welding processes like Vaporizing Foil Actuator Welding [10]
and Laser Impact Welding, by properly selecting processing conditions [11].

Laser impact welding (LIW), as a collision welding process, involves a moving part (flyer)
launched towards a stationary part (target) following the formation of an expanding plasma.
Plasma is generated by the vaporization of a sacrificial ablative layer and confined into a properly
selected confinement layer (Fig.1). The flyer travels across a specific distance to gain the impact
velocity that, under optimized conditions, allows the creation of a jet able to break down surface
oxides and other contaminants and to verify the conditions necessary for welding. Typically, the
welded joint exhibits a ring-like profile [9]. The combination of the laser system parameters (i.e.
laser energy and spot size), the choice of the confinement and ablative layers and the travel distance
of the flyer as well as its thickness all determine the velocity and the dynamic angle assumed by
the flyer during the impact [12]. Generally, a low thickness of the flyer brings to a higher impact
speed but implies a lower joint strength [12]. The effect of the flyer’s thickness is more marked
below specific threshold values determined by welding conditions, including the specifics of the
laser system [13]. High surface roughness of the target (in the order of tenths of um) was found to
affect the collision angle and the weldability window [14], as also summarized in [15].

Laser

Confinement Layer
Ablative layer

Flyer

Siacer

Fig. 1 — Schematic of the laser impact welding process.

Nevertheless, the mentioned processes require in-depth investigation as the final application of
interest, i.e. bone fixators, further adds constraints to the materials to be used into the body and
their conditions after processing [16]. Also, processes like laser impact welding still feature issues,
in particular in terms of the shape of the joints that can be obtained and damage of the flyer and,
often, the target, thus requiring extensive experimental campaigns and specific design of the parts
to be welded to properly accommodate process constraints [12].

To reduce the effort devoted to extensive experimental testing, both in terms of time and costs,
predictive models of the impact welding processes are currently being studied [17] .
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This work presents an experimental setup dedicated to employing the laser impact welding
process to obtain spot joints between Nickel-Titanium and Magnesium alloy sheets. In parallel, a
preliminary finite element model of the process to be used for weldability window prediction has
been developed and described.

Methodology

Experimental tests. A commercially available Nd:YAG laser source was used, in a Continuum
PowerliteTM Precision II Scientific System. The maximum output energy of the laser is 3.1 J with
a pulse width of 8.0 ns, and a wavelength of 1064 nm. The laser system can operate up to a 10 Hz
pulse repetition rate or in single shot mode. In this work, a laser energy of 3.1 J was used.

NiTi#l alloy foils provided by Fort Wayne Metals (IN, USA) with a size or 25 mm x 7 mm and
thickness of 250 um and a customized Mg alloy Mg-1.2Zn-0.5Ca-0.5Mn (wt%) foils [18] with a
size of 15 mm x 15 mm and a thickness of 200 pm were tested for welding. Welding parameters
such as laser spot size and relative distance (stand-off) between flyer and target were varied. In
particular two values of the laser spot size were tested: 3.00 mm and 5.22 mm. As stand-off
distance, values of 300 and 500 um have been used.

As suggested in literature [8] the alloy with higher ductility generally outperforms the less
ductile material as flyer, thus Mg alloy foils were preliminary used as flyer, while NiTi alloy foils
were used as target. The NiTi alloy foils were used in as-rolled conditions while the Mg alloy foils
were ground up to #1200. Both flyer and target were sonicated in ethanol before welding.

The testing configuration is shown in Fig. 2. Target and flyer are placed on a metallic support
(necessary as a support for the thin target [13]) locked on an holder to be located into the welding
chamber. Black tape was used as backing to reduce rebound [18].

The stand-off distance between target and flyer was given by metallic ring spacers. The ablative
layer in this case is given by a layer of GPN spread upon the flyer and covered by the confinement
layer. Borosilicate glass and acrylic, with optimized thickness according to the laser system
conditions, were both tested as confinement layers to tune the reaction force on the flyer [12].

NiTi Target  Metallic Spacer Top holder  Confinement layer

R ™,

Backing tape Metallic support Bottom holder

Fig. 2 — Images of the experimental setup for the laser impact welding tests.

Finite Element Model. The numerical procedure was developed through a finite element
model of the laser impact welding process using the SFTC Deform 2D® software, simplifying the
experimental setup into 2D axisymmetric simulations, given the axisymmetric nature of the welded
spot [19] and involving an automatic remeshing routine to handle the large plastic deformation
involved. The target and flyer materials were modeled as plastic bodies and divided into 1500
elements each. The average element edge length was about 20 um. Flow stress data for flyer and
target were obtained from [20], considering the high strain rate induced by the process.

The bottom metallic support, spacer and top holder were defined as rigid bodies. The global
heat transfer coefficient with the environment was established between the flyer and the target and
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it was set equal to 10° kW/(m?K) according to literature [21] while no thermal effects due to the
plasma have been included in the simulation tests, due to the adiabatic nature of the process
demonstrated in [15].

The plasma pressure distribution was simulated according to the equation (1) obtained by Sunny
and Gleason et al [17, 23]:

_1 X2
p() = =2 (1)

Where x is the radial distance from the spot center (Fig. 3) and & represents the standard deviation
of the experimental laser intensity distribution [22].

The impact speed on the top surface of the flyer reached right before the impact [10] and the
friction at the interface between flyer and target were used as input to the finite element model
while the interface temperature on the flyer was analyzed as output. As regards the impact speed,
a range of values between 100 m/s and 900 m/s was tested which, based on literature experimental
measurements, incorporates in a complex fashion the effects of the travel distance (stand-off), laser
parameters set to accelerate the flyer, and the flyer thickness [8]. A 90% fraction of the plastic
work was set to be converted to heat [15].

Due to the process characteristics, the friction at the interface between flyer and target was
modeled using a constant shear friction based on [23], where the friction factor is defined by
equation (2):

_5
m="2 (2)
Being f; the frictional stress and k the shear yield stress. Values of the friction factor m between
0.1 and 0.3 have been tested [24], with steps of 0.05 since friction plays a pivotal role into local
temperatures and process evolution [17]. Table 1 reports a summary of the studied values for
impact speed v and friction m while Figure 3 shows the configuration of the finite element model.

Table 1 — Values investigated for friction factor m values and impact speed v.

m [-] v [m/s]

0.10 100
0.15 200
0.20 300
0.25 600
0.30 900
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Fig. 3 — Finite Element Model setup on SFTC Deform 2D®.

Results and Discussion

Experimental tests. The experimental campaign carried out confirmed the influence of the
confinement layer material on the weld obtainment [8]. In fact, under the tested conditions, using
the acrylic material brought to a higher quantity of deposited flyer material onto the target: Fig. 4
shows the successful deposition of the Mg alloy flyer onto the surface of the NiTi alloy target for
a laser spot size of 5.22 mm using acrylic (Fig. 4b) as compared to borosilicate glass (Fig. 4a).
Further assessments are necessary by finely tuning laser energy and spot size as less damage to the
flyer was reported for increased laser spot size, and by lowering laser beam energy density [13].

Fig. 4 — Macrographs of the NiTi targets, with varying confinement layer material a) absence of
adhered material from the flyer by using borosilicate glass and b) adhered material from the
flyer by using acrylic.

Finite Element Model. A range of processing conditions bringing to local melting (around 650
°C [25]) of the Mg flyer material was detected at the interface between target and flyer (Fig. 6).
This is in accordance with the possible interface melting during the process [8] due to the high
plastic deformation and the high strain rates involved in impact welding, together with consequent
increase in temperature due to plastic dissipative heating and friction [26]. Local temperature rise
might prevent a successful joint if the temperature reached far exceeds the melting temperature of
the alloy, thus highlighting the importance to predict the temperature trends.

Extremely high strain rates around 10°- 107 s were obtained for the flyer, as also reported in
[18]. The presence of a range where local melting does not occur reflects the possibility to reach

1736



Material Forming - ESAFORM 2024 Materials Research Forum LLC
Materials Research Proceedings 41 (2024) 1732-1740 https://doi.org/10.21741/9781644903131-192

optimum conditions for the process and possibly define a weldability window [9]. Weldability can
be defined based on the local stress reached at the interface and related to impact velocity, since
bonding has been found to happen within a certain threshold range that varies as a function of the
materials to be joined [27].

By both looking at the results in the 3D plot of maximum temperatures in Fig. 5, it is evident
that the predictions are sensitive to the coefficient of friction [28], much more than to the impact
velocity. Thus, highlighting the relevance of a correct estimation of the friction factor for the
proper calibration of the model, being friction related to multiple factors such as cleanliness of the
surfaces, oxides, local temperature and pressure conditions [29].

Fig. 6 shows the temperature distribution on the flyer for the conditions v 100 m/s and m 0.10,
at the interface with the target, highlighting a maximum along a ring having the size of the laser
spot. The significant rise in the temperature of the flyer was located within tenths of pm distance
from the interface with the target.

1750
1500
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Fig. 5— 3D plot of maximum temperature reached on the Mg flyer at the flyer-target interface.
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Fig. 6 — Maximum temperature reached on the Mg flyer at the flyer-target interface for the
configuration at v 100 m/s and m 0.10 (a) 2D view, (b) 3D view.

Summary and Outlook

The current work showed a parallel development of both experimental and numerical testing
configurations for the joining of NiTi and Mg alloys towards the development of multi-material
skeletal fixation devices. From an experimental point of view, preliminary results confirm the
possibility to deposit Mg alloys on NiTi alloys as also anticipated from the literature. Nevertheless,
the whole testing process involves a great amount of trials in order to locate a possible weldability
window, able to preserve both flyer integrity and prevent local melting and materials mixing at the
weld interface. The finite element modeling shows promising results in terms of accordance with
literature trends.

Future development will involve the calibration of the model to be used as a predictive tool for
future experimental campaigns. Modeling aspects concerning the effects of materials flow stress -
also including the effects of alloying elements -, materials damage, welding criteria based on local
stress increase as studied in [30] will be then included. Measurement of the experimental values
of the impact velocity will also be addressed to connect experimental and simulation results.

b)
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